The catalytic dehydration of ethanol to ethylene over the mesoporous Al-SSP and Mo-doped Al-SSP catalysts was investigated. The Al-SSP catalyst was first synthesized by the modified sol-gel method and then doped with Mo by impregnation to obtain 1% Mo/Al-SSP and 5% Mo/Al-SSP catalysts (1 and 5 wt% of Mo). The final catalysts were characterized using various techniques such as XRD, N 2 physisorption, SEM/EDX, TEM, and NH 3 -TPD. The catalytic activity for all catalysts in gas-phase ethanol dehydration reaction was determined at temperature range of 200 ∘ C to 400 ∘ C. It was found that the most crucial factor influencing the catalytic activities appears to be the acidity. The acid property of catalysts depended on the amount of Mo loading. Increased Mo loading in Al-SSP resulted in increased weak acid sites, which enhanced the catalytic activity. Besides acidity, the high concentration of Al at surface of catalyst is also essential to obtain high activity. Based on the results, the most suitable catalyst in this study is 1% Mo/Al-SSP catalyst, which can produce ethylene yield of ca. 90% at 300 ∘ C with slight amounts of diethyl ether (DEE) and acetaldehyde.
Introduction
Ethylene is an important feedstock for organic chemistry industry used in the preparation of polyethylene, ethylene oxide, vinyl chloride (from ethylene dichloride), and styrene (from ethyl benzene) [1] . Conventionally, it has been commercially produced by the thermal cracking of liquefied petroleum gas (LPG) or naphtha. According to the report by Kniel et al. [2] , this method continues to dominate the industry today. True [3] reported the top ethylene producing complexes by capacity in tons per year, which are all steam cracking plants. In addition, Iles and Martin [4] reported the capacities of the Braskem and Solvay Indupa regarding ethanol to ethylene plants, while Voegle [5] reported the capacity of the Dow Chemical plant, which is currently under construction [3] [4] [5] . Compared to the conventional process, the catalytic dehydration of ethanol to ethylene is attractive because it requires lower temperature (less than 600 ∘ C) [6] and it is cleaner technology. Moreover, ethanol can be produced from renewable sources including nonedible source such as molasses. At present, SynDol catalyst based on MgOAl 2 O 3 /SiO 2 developed by Halcon SD has been employed commercially, achieving 99% of ethanol conversion and 95.83% of ethylene yield at 450 ∘ C [7] . Equate Petrochemical Company's plant (Kuwait) [3] achieved 99.7% of ethylene selectivity and 100% of ethanol conversion using nanoscale HZSM-5 as the catalyst. It is known that the acid catalysts used in ethanol dehydration normally consist of silica and alumina-based catalysts. Upon the catalytic dehydration of ethanol, ethylene and diethyl ether (DEE) can be obtained using a solid acid catalyst as follows:
The first reaction (1) has already been applied at the industrial level in the 1960s using aluminas as the catalysts [8] . The second reaction (2) occurs on the same catalysts under low temperature at moderate ethanol conversion, allowing very high selectivity and significant yields (>70%). In addition, acetaldehyde can be obtained by dehydrogenation of ethanol as seen in the third reaction (3). There are many works in 2 Journal of Chemistry the literature related to the ethanol dehydration reaction over solid acid catalysts such as -alumina, zeolite, and silicaalumina [9, 10] . There are also research articles directed at obtaining molybdenum oxide over solid acid catalysts in various reactions, which require acid site for active site such as MoO 3 /Al 2 O 3 -SiO 2 in light olefin metathesis or partial oxidation [11, 12] and MoO 3 /Al 2 O 3 in hydrodesulfurization of thiophene [13] . However, there are only a few works focused on molybdenum oxide for ethanol dehydration reaction. In continuation of our interest in using alumina and silica catalysts, the SiO 2 is suitable as a support due to its high surface area, uniform pore size, excellent mechanical strength, and thermal stability such as hexagonal mesoporous silica, that is, spherical silica particle (SSP) [14] . Alumina is a good support due to its high metal dispersion ability and excellent mechanical properties. Moreover, the metal oxide promotes acidity in catalyst, and then this is interesting. The molybdenum oxide can enhance acidity in the catalyst. Thus, it is interesting to use molybdenum oxide with the silicaalumina acid catalysts.
In this study, the mesoporous SSP was synthesized and modified with alumina to obtain Al-SSP catalyst. Then, Mo was doped onto the Al-SSP catalysts. The relevant characterization techniques such as XRD, SEM, EDX, TEM, and NH 3 -TPD were carried out to reveal the physical and chemical properties of catalysts. The ethanol dehydration reaction of catalysts was performed to determine the catalytic activity and product selectivity. 
Materials and Methods

Preparation of Catalysts
Synthesis of Al-SSP.
First, the spherical silica particle (SSP) was synthesized following the method described by Janlamool et al. [14] with the mixture of 1 TEOS : 0.3 CTAB : 11 NH 3 : 58 Ethanol : 144 H 2 O (molar ratio). The resulting suspension was stirred at room temperature for 2 h. After that, the white precipitate was separated from solvent by centrifuge. Then, the sample was dried at 110 ∘ C overnight and calcined in air at 550 ∘ C for 6 h to obtain the SSP support. In order to prepare Al-SSP, the SSP was added into the solution of aluminium isopropoxide in isopropanol (to obtain 60 wt% of Al). The mixture was stirred for 1 h at room temperature. Then, it was added into ammonia solution for hydrolysis. Then, the mixture was stirred at room temperature for 20 h. The Al-SSP catalyst was dried at 110 ∘ C for 24 h. The dried sample was calcined in air at 650 ∘ C for 2 h [15] . The surface area of Al-SSP catalyst obtained was 443 m 2 /g using N 2 physisorption technique.
Synthesis of Mo/Al-SSP.
Mo/Al-SSP catalysts were prepared by impregnation of Mo precursor onto the Al-SSP obtained above. First, the desired amount of ammonium heptamolybdate-tetrahydrate was dissolved in DI water. Secondly, this solution was added into the Al-SSP. The Mo/Al-SSP catalyst was dried at 110 ∘ C for 4 h and calcined in air at 550 ∘ C for 4 h. The Mo-doped Al-SSP catalyst was denoted as X Mo/Al-SSP, where (1 and 5 wt%) indicates the wt% of molybdenum.
Characterization of Catalysts.
The bulk phase of catalyst was determined by SIEMENS D500 X-ray diffractometer (XRD), using CuK radiation with Ni filter in the 2 range of 10-90 degrees having the resolution of 0.02 ∘ . The surface area and average pore volume of prepared catalysts were determined by N 2 -physisorption using Micromeritics ChemiSorb 2750 Pulse instrument. Measurement was performed at −196 ∘ C and calculated according to the Brunauer, Emmet, and Teller (BET) isotherm equation.
The morphology and elemental distribution over the catalysts surface were determined by scanning electron microscope (SEM) and energy X-ray spectroscopy (EDX). The SEM model was JEOL mode JSM-5800LV and Link Isis series 300 program was performed for EDX.
The molybdenum particle dispersion of all catalysts was observed by using JEOL-JEM 200CX transmission electron microscope (TEM) operated at 200 kV.
The acidity of catalysts was estimated by temperatureprogrammed desorption of ammonia (NH 3 -TPD) using Micromeritics Chemisorb 2750 pulse chemisorption system. The catalyst sample was pretreated at 400 ∘ C in a flow of helium. The sample was saturated with 15% NH 3 /He at 120 ∘ C for 1 h. After saturation, the physisorbed ammonia was desorbed in a helium gas flow. Then, the sample was heated from 40 to 800 ∘ C at a heating rate of 10 ∘ C/min. The amount of ammonia in effluent was measured via the thermal conductivity detector (TCD) as a function of temperature [16] .
Ethanol Dehydration
Reaction. Activity and product distribution via gas-phase ethanol dehydration reaction of catalysts were determined using a fixed-bed microreactor (I.D. = 7 mm and length = 0.33 m, made from a borosilicate glass tube). A glass reactor was placed into a temperatureprogrammed tubular furnace. All experiments were performed under atmospheric pressure and in the temperature range of 200 to 400 ∘ C using a feed composition consisting of 99.95% of ethanol. In this experiment, about 0.05 g of catalyst obtained from Sections 2.2.1 and 2.2.2 was charged into the middle zone of reactor tube and pure ethanol as feed was stored in vaporizer. Prior to testing, the catalyst was activated at 200 ∘ C for 1 h under argon. Ethanol was conveyed into reactor by argon gas flow rate of 50 mL/min. The reaction was carried out at each temperature for 1 h [17] . The reaction products were analyzed by gas chromatography using the flame ionization detector (FID), Shimadzu GC14B equipping with DB-5 capillary column.
Results and Discussion
Characteristics of Catalyst.
The Al-SSP, 1% Mo/Al-SSP, and 5% Mo/Al-SSP catalysts were characterized using various techniques. To identify the crystalline structure of the catalysts after Mo doping, the X-ray diffraction was performed. As shown in Figure 1 , it can be observed that the Al-SSP catalyst exhibited the XRD peaks at 21-24 ∘ (broad) indicating the presence of amorphous structure of silica. Besides, the more sharp peaks around 45 and 67 ∘ were also observed for this sample indicating the presence of -Al 2 O 3 crystallite [18] . However, after doping 1 and 5 wt% of Mo in Al-SSP, both Mo-doped Al-SSP catalysts still exhibited the similar XRD patterns as seen for those of Al-SSP. This revealed that the crystalline structure of the catalysts did not change with Mo doping. In addition, the Mo species cannot be detected because they are present in the highly dispersed form (the crystallite size is less than 3 nm).
The textural properties and nitrogen adsorption/ desorption isotherms of the catalysts are summarized in Table 1 and Figure 2 . According to the IUPAC classification, both support and catalysts exhibit Type IV isotherms, which are typical of mesoporous materials. For Al-SSP and 1% Mo/Al-SSP, the sample presented hysteresis loop of Type H1, occurring at higher relative pressure ( / 0 = 0.7 to 0.9) compared to 5% Mo/Al-SSP catalyst. It indicates larger mesopores and broad pore size distribution with cylindrical shapes. The observation is consistent with the value of surface area and sample porosity as shown in Table 1 , in which the pore volume of Al-SSP, 1% Mo/Al-SSP, and 5% Mo/Al-SSP was 0.81, 0.59, and 0.58 cm 3 /g, respectively. The incorporation of molybdenum into Al-SSP decreases the surface area, mainly due to the blockage of pore. Moreover, the pores of this catalyst were blocked, suggesting that the Mo at higher loading (>1 wt%) was not well dispersed in the supports. However, the surface area of 5 wt% Mo did not follow this trend. This may be because the Mo was located on the external surfaces indicating that Mo was not incorporated into the channels of Al-SSP leading to an increase in surface area. The pore size distribution (PSD) calculated by BJH method is shown in Figure 3 . For all catalysts, the samples have a narrow pore size distribution with an average pore diameter around 3.9-7.2 nm, confirming that the pore size distribution is in the mesoporous range. It can be seen that the calculated pore size distribution was in good agreement with N 2 isotherm as mentioned above. The morphology of the catalysts was determined using SEM as shown in Figure 4 . The morphology of the Al-SSP catalyst was apparently spheroidal with agglomeration of particles having the average particle size around 0.5 microns. After doping the Al-SSP with Mo, it can be seen that there was no significant change in the morphology of catalysts.
The dispersive X-ray spectroscopy (EDX) was also performed to determine the elemental distribution in the catalyst granule. All elements such as Al, Si, O, and Mo can be detected using the EDX mapping mode. Hence, the location of the specified element can be illustrated by the dots. The dense of dots is related to the amount of element present. The typical EDX mapping of 1% Mo/Al-SSP catalyst is shown in Figure 5 . is in accordance with that obtained from XRD, where the Mo species are present in the highly dispersed form, which cannot be detected by the XRD measurement. Besides the EDX mapping, the amount of each element near the surface of catalyst granule can be determined quantitatively. The results are summarized in Table 2 . The key elements to be considered are Al and Mo. It can be seen that mostly Al species (Al = 27.2%) in 1% Mo/Al-SSP catalyst were located at the catalyst surface compared to that in 5% Mo/Al-SSP catalyst (Al = 13.4%). For both Mo-doped Al-SSP catalysts, Mo species were also located at the catalyst surface since the amounts of Mo obtained from EDX were larger than those of Mo loading. The location of Al species could play an important role on the catalytic activity as well.
In order to investigate the dispersion of Mo species, the transmission electron microscope (TEM) image was obtained as shown in Figure 6 . It is known that gamma alumina is present as wrinkled sheets located throughout the SSP. As seen from the figure, the dark patches represent the Mo species being dispersed in the alumina wrinkled sheets. It was found that the dispersion of Mo species observed from TEM was corresponding to the very small crystallite size (less than 3 nm) of Mo species obtained from the XRD measurement as mentioned above.
The acid properties of catalysts are crucial to determine the catalytic activity and product distribution via ethanol dehydration reaction. Hence, the NH 3 temperatureprogrammed desorption (NH 3 -TPD) was performed. Table 3 shows the surface acidity of all catalysts in this study. The assignment of desorption peaks between 175 and 300 ∘ C is weak acid sites and the desorption peaks occurring above 300 ∘ C refer to medium-strong acid sites [19] . It indicates that the Al-SSP catalyst exhibits the lowest amount of weak acid site, whereas the 5% Mo/Al-SSP contains the largest weak and total acid sites. It can be observed that the Mo doping can alter the acidity of Al-SSP catalyst. Adding more amount of Mo apparently resulted in increased significant amount of weak acid site as seen in Table 3 . It should be noted that the amount of weak acid site is probably more related to the Brønsted acid site, whereas Lewis acid site is more related to the amount of strong acid site [20] . In ethanol dehydration reaction, the Brønsted acid site is preferred.
Ethanol Dehydration Reaction.
In order to measure the catalytic activity and product distribution, ethanol dehydration reaction was performed over all catalysts at atmospheric pressure with temperature ranging from 200 to 400 ∘ C. The results of ethanol conversion for all catalysts are shown in Figure 7 . For all catalysts, increased temperature apparently resulted in an increase in ethanol conversion. However, among all catalysts, the 1% Mo/Al-SSP exhibits the highest conversion (ca. 100% conversion at 350 ∘ C). It can be observed that the ethanol conversion obtained from 5% Mo/Al-SSP catalyst is the lowest, although this catalyst has the highest amount of weak and total acid sites (Table 3) . It should be noted that the amount of Al at catalyst surface for this sample is the lowest based on the EDX result (Table 2) . Hence, this is probably the main reason for the 5% Mo/Al-SSP catalyst to yield the lowest conversion. Considering the product distribution, the selectivity of ethylene is related to the reaction temperature as also reported by Zhang et al. [21] . Ethylene selectivity is shown in Figure 8 . For Al-SSP catalyst, ethylene selectivity was the highest even at low temperature, while it gradually increased for the Mo-doped Al-SSP catalysts with increased temperature. It is suggested that the Mo doping could result in decreased ethylene selectivity, especially at lower temperature. However, the effect of Mo doping is less pronounced at higher temperature.
It should be noted that, during ethanol dehydration, byproducts such as diethyl ether (DEE) and acetaldehyde were also obtained. The selectivity of byproduct is shown in Figure 9 . At lower temperature (ca. 200 to 300 ∘ C), DEE was significantly produced via dehydration of ethanol. At temperature above 350 ∘ C, there was no DEE obtained due to its decomposition to ethylene at high temperature. Acetaldehyde is also produced by dehydrogenation of ethanol as a side reaction. As seen from the figure, increased temperature resulted in a slight decrease in selectivity of acetaldehyde, which was also reported by Nair et al. [22] .
In order to compare the catalyst performance, the ethylene yield (product of conversion and selectivity) along with other byproducts obtained from ethanol dehydration at 300 ∘ C is calculated as shown in Table 4 . It was found that the 1% Mo/Al-SSP catalyst rendered the highest ethylene yield with slight amounts of DEE and acetaldehyde. This is attributed to increased weak acid sites and large amount of Al present at the catalyst surface with 1 wt% of Mo doping onto Al-SSP catalyst. Table 5 shows a comparison of the catalytic ability for ethanol dehydration to ethylene over various catalysts reported so far. It was obvious that 1% Mo/Al-SSP is competitive among other typical and modified catalysts. Finally, it should be emphasized that, apart from their interesting intrinsic activity, the Mo/Al-SSP tested in this study was highly stable, thus making them have potential for industrial applications.
Summary
Ethanol dehydration reaction from the temperature range of 200 to 400 ∘ C over Al-SSP, 1% Mo/Al-SSP, and 5% Mo/Al-SSP catalysts was investigated. It appears that the 1% Mo/Al-SSP catalyst exhibited the highest ethanol conversion and ethylene yield of ca. 90% (at 300 ∘ C). This can be attributed to the increased acidity and proper amount of Al at catalyst surface with Mo doping. However, too large amount of Mo doping (i.e., 5 wt%) apparently resulted in decreased amount of Al at catalyst surface leading to low ethanol conversion. Research Council of Thailand (NRCT) for the financial support of this project.
